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SUMMARY

Theeffectof a strong,negativepressuregradientuponthelocal
rateofheattransferthrougha laminarboundarylayerontheisothermal
surfaceofan electricallyheated,cylindricalbodyofrevolutionwitha
hemisphericalnosewasdeterminedfromwind-tunneltestsat a Machnuniber
of1.97. Theinvestigationindicatedthatthelocalheat-transferpara-
meter,Nu/@, basedonflowconditionsjustoutsidetheboundarylayer,
decreasedfroma valueof0.65*O.1Oat thestagnationpointof thehemi-
spheretoa valueof0.43K).0~at thejunctionwiththecylindrical

. afterbody.Becausemeasurementsof thestaticpressuredistributionover
thehemisphereindicatedthatthelocalflowpatterntendedtobecome
stationaryasthefree-streamMachnumberwasincreasedto 3.8, thisdis-

% tributionofheat-transferparameterisbelievedrepresentativeof all
Machnumbersgreaterthan1.97andoftemperatureslessthanthatofdis-
sociation.Thelocalheat-transferpsrameterwasindependentofReynolds
nu?iberbasedonbodydiameterintherangefrom0.6xI@to2.3x106.

I
Themeasureddistributionofheat-transferparameteragreedwithin

*I8percentwithSJIapproximatetheoreticaldistributioncalculatedwith
forelmowledgeonlyofthepressuredistributionaboutthebody. This
method,applicableto anybodyofrevolutionwithan isothermalsurface,
combinestheManglertransformation,Stewsrtsontransformation,andthermal
solutionsto theFallmer-Skanwedge-flowproblem,andthusevaluatesthe
heat-transferrateinaxisymmetriccompressibleflowin termsoftheknown
heat-transferrateinan approximatelyequivalenttwo-dimensionalincompres-
sibleflow.

Measurementsofrecovery-temperaturedistributionsatMachnumbers
of1.97and3.04yieldedlocalrecoveryfactorshavingan averagevalue
of0.823+0.012onthehemispherewhichincreasedabruptlyattheshoulder
toan averagevalueof0.840*C).012on the‘cylindricalafterbody.This
resultsuggeststhattheusual,representationofthelsminarrecovery

●

factoras thesquarerootof thePrandtlnumberis conservativeinthe
presenceof a strong,acceleratingpressure~adient.

.

.
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INTRODUCTION

NACATN3344

Dueto theprocessesoffrictionandcompression,a bodymoving
throughtheatmosph=eaccumulatesas thermalener~ a portionofits
mechanicalener~ ofmotion.Thephysiological,structural,andaero-
dynamicramificationsofthiswell-knownfactintherealmofhigh-
speedflightconstitutetheaerodyrmnicheatingproblem.Thepresent
statusofknowledgeinsofarastheaerodynamicaspectssreconcernedwill
be discussedinthefollowingsection.It issufficientnowtostateon
thebasisof a reviewof selectedliterature”(refs.1 through25)that
theheattransferthroughthesurfaceofa supersonicvehiclecanbe pre- —
dietedwithconfidenceonlywhentheheatpathisthroughregionsof
laminarflowandsmallpressuregradient.Becausein supersonicflowa
constant-pressuresurfacehasa shsrpleadingedgewhichisdifficult,
ifnotimpossibleto cool(refs.15and16), thepracticalvehiclefor
sustainedsupersonicflightmay,ofnecessity,beblunt.Althoughfavor- —
ableto thepromotionoflsminarflow,theseverepressuregradients .
associatedwithbluffbodiescanresultinheat-transferratesquitedif-
ferentfromthoseon constant-pressuresurfaces.Theheat-transferchar-
acteristicsofthecompressibleboundarylayeronbluffbodiessrethere-
forerequired.

Thepresentinvestigationhasas itspurposethemeasurementin .—
supersonicflowofhminsr-boundary-layertemperature-recoveryfactors
andlocalheat-transfercoefficientsontheuniformlyheatedsurfaceofa

—.

hemisphere-cylinder.Theexperimentalresultsme comparedwitha newly #
developedmethodofapproximatepredictionwhichutilizesexistingsolu-
tionsto theboundary-layerproblem,andwhich
bodyofrevolutionwithanisothermalsurface.

JWIIIYSIS

StatusofKnowledge

isapplicableto anybluff

Theultimaterateofheattransfer-througha giventypeofboundary
layer(i.e.,laminaror turbulent)hasbeenfoundtodependuponthefluid
flowconditionscharacterizedbyMachnumberandReynoldsnumber,the
fluidpropertiesspecifiedby Prandtlnumber,thesurfacetemperature
distribution,andthebodyshape.Inorderto calculatetheheat-transfer
ratefromboundary-layertheory,thebodysurfaceis commonlyassumedto ____
be a flatplateoraxisymmetric.Effectsofbodycurvatureuponthepres-
suredistributionnormaltothesurfaceareneglected,andbody-shape
effectsareassumedtodependon thestreamwisepressuredistribution
alone.Whendealin”gwithbodiesofrevolution,anadditionalshapeparam-
etermustbe consideredwhichaccountsforthevariationof circumference
alongtheaxis. HoWever,becausethisadditionalshapeparsmeterhasbeen
showntorelatetheaxisyrmnetricboundary-layerflowwithanassociated

a“.
-.
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s
two-dimensionalflow(ref.2),itispossible,withoutlossin generality,
to applytwo-dimensionalresultstoaxisymmetricbodies.

*
A representativesampleof theextensiveliteraturedealingwith

laminar-boundary-layerheat-transfertheoryisgiveninreferences3
throughXL. Thelargebodyof emlysisbaseduponintegralmethodsof
solutionhasbeenexcludedfromthissurveypartlyintheinterestsof
brevity,andpartlybecausetheaccuracyof theseintegralanalysesis
judgedbycomparisonwithsolutionssuchasthoseofreferences3 through
11. Fluid-propertyandflow-psraetereffectsarestressedinreferences
3, k, and5. Nonisothermalsurfacesareconsideredinreference6. Pres-
suregradienteffectsarestudiedinreferences7 and8. Effectsof small
pressureandwall-temperaturegradientssreinvestigatedinreference9.
Bothpressure-gadientandfluid-propertyvariationsareconsideredin
reference10,andpressure-gradientandwall-temperatureeffectsaredis-
cussedinreferenceIL. Theresultsof thesestudiessuggestthatfluid-
propertyandflow-psrsmetervariationsexerta relativelymildinfluence
onthelocalheat-trsnsfercoefficient.Pressureandwall-temperature
gradients,ontheotherhand,canproducelocalheat-transfercoefficients
whichdepartsignificantlyfromtheisobaricendisothermalpredictions.
Theinfluenceof shapeis illustrat+iinreference12 - which,inciden-
tally,presentsanexcellentaccountofmethodsemployedtopredictheat
transfer- whereina procedureisdevelopedfortheC&lCUl&tiOIIOf laminar
heat-transfercoefficientsaboutisothermalcylindersofarbitrarycross

● section.Theeffectofnonuniformtemperatureupontheheat-transfer
coefficientinan applicationofpracticalinterestisassessedinrefer-

& ence13,whichisa studyoftransientheatingina flatplate.

Accurateexperimentalverificationof thelaminarheat-transfer
theoryhasbeenobtainedin caseswherethesurfacetemperatureandpres-
surewerenominallyuniform(refs,14through17). Heat-transfermeas-
urementsunderconditionsofnonuniformtemperaturearediscussedin
reference18. References19and20 describeexperimentsinwhichlocal
heat-transfercoefficientswere-measuredin supersonicflowonnominally
isothermalbodieswithnegativepressuregradients.In theformercase
thepressuregradientwasmildandtheheat-transfercoefficientdidnot
departsignificantlyfromthetheoreticalpredictionfora constant-
pressuresurface.On theotherhand,inthelatterexperiment,theheat-
trasfercoefficientwasa strongfunctionof therelativelyseverepres-
suregradient;however,sincethedataofreference20wereobtainedunder
transientconditionsinthepresenceofa surfacetemperaturetendingto
becomenonisothermal,thevalidityoftheseresultsisuncertain.

HeatTransfer

.

Accordingto theNewtonianLawofheattransfer,thethermalflow
througha unitareaofthefluidincontactwithan isothermalsmface
isproportionaltothedifferencebetweentheactualskintemperature
andtheskintemperaturecorrespondingto noheatflow. Thefactorof
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proportionality,calledthelocalheat-transfercoefficient,depends,
*

fn.casesofforcedconvection,upontheboundary-layertype,andthe
flow,fluid-property,andpressure-gradientparametersmentionedpre- V
viously.Forlsminsrflow,thelocalNusseitnumberformedfromthe
localheat-tramfercoefficient,thelengthofboundary-layerrun, and
thelocalfree-streamthermalconductivitycube combinedwiththelocal
Reynoldsnumberinto a localheat-transferpersmeter,definedastheratio
of theNusseltnumberto thesquarerootoftheReynoldsnumber:

.

hx/kl

j% “ JKX
I’Ll

(1)

(ForNotation,seeAppendixA.)

On thebasisofavailabletheoryforisothermalsurfaces,moderate
Machnumber,andsmalltemperaturedifferences,onecanreasonthatthe

.

localleminarheat-transferparameteronthebluntnoseofa bodyof
<

revolutionshouldliewithintheinterval0.66>Nu/fi~O.30. Thehigher
value(atthestagnationpointofa sphere)ispredicted(for u = 0.7)
inreference22by neglectingcompressibility;thelowerfigureisappli-
cabletoa flatplateor a hollowcylinderwithsurfacep=alleltothe
airstream. ●

No exact,simpleexpressioncanbe writtentopredictthelocalheat-
transferpsrsmeterforpointsonthesurfaceofa bodylyinginregions

M

of arbitrarypressuregradients,althougha numberofapproximatemethods
areavailable(refs.12,23,and24 forexample).Anotherapproximate
method- an adaptationofa techniquedescribedinreference22 - which
iseasytoapplyto uybody ofrevolutionandpromisestobe fairly
accurateforuniformsurfacetemperaturesnotgreatlydifferentfromthe
stagnationtemperature- wasdevelopedinconjunctionwiththepresent
experimentalinvestigation.Thismethodhastheadvantagethatnoknowl-
edgeisrequiredofthevelocityortemperatureprofilesintheboundary
layer;onlythepressuredistributionaboutthebodyneedbe known.The
mainresultsof thisanalysissresummarizedinthefollowingparagraphs;
thedetailscanbe foundinAppendixB.

Briefly,themethodmakesuseofthetransformationsofMangler,
(ref.2) andStewartson(ref.25)toremovetheproblemfromtheexisym-
metriccompressibleplanetotheapproximatelyequivalenttwo-dimensional
incompressibleplane.Thelocalheat-transferpsnuneterontheaxisym-
metricbodyin compressibleflow,IVu/&, isexpressedintermsofthe

“rcorrespondingparametersintwo-dimensionalincompressible~ow, Nu/ ~,
andtwo-dimensionalcompressibleflow,fi/~~, asfollows:

.

.



NACATN 3344

Thefactorrelatingaxisymmetricandtwo-dimensionalcompressible
flows(Mangler?stransformation,ref.2) is:

(3)

Thisfactoris specifiedcompletelyby theshapeofthebodyofrevolu-
tion.

ThefactorarisingfromStewartson?stransformation(ref.25)between
two-dimensionalcompressibleandincompressibleflowsis:

/ ay-1

/ ‘(%)= (4)

r

Thisfactorinvolvesnotonlythestresmwisebodycoordinatebutalso
changesinthelocalspeedof soundjustoutsidetheboundsrylayerand
isrigorouslyvalidonlyforvanishinglysmallheattransfer,Prandtl
numberofunity,andviscosityproportionaltotemperature.Theconse-
quencesofrelaxingthefirsttwooftheserestrictionsandtheevaluation
ofthisfactorintermsofknownconditionsintheaxisymmetriccompres-
sibleflowarediscussedinAppendixB.

Tomakepracticaluseofequation(2)‘itisnecesssryto specifyu
incompressibleheat-transferparameterwhichcorrespondsto someknown
characteristicof thesxisymmetriccompressibleflow. An approximate
correspondencecanbe establishediftheboundary-layermodelofFage
andFalheris assumedfortheincompressibleplane.Thiswedge-flow
model,inwhichboththelocalfree-streamvelocityandthesurface
temperaturewe proportionalto arbitrarypowersofthestreamwisecoor-
dinatesothatvelocityandtemperatureprofilesthroughthelsyerat all
stresmwiselocationsaresimilar,hasbeenstudiedextensively.Thelocal,

J__incompressibleheat-transferparameter,~/ =, has~eencalculatedfor
thewedgeflowsoverwiderangesofPrandtlnumber=, temperature-.
gradientparameter~, andpressure-gradientparameter= (refs.10 and
and11). Accordingto thistheory,thepressure-gradientparsmeter
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and
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thetemperature-gradientparsmeterareconstantoverthewedgeand
relatedtothelocalflow)streetwisecoordinate,andlocalsurface

temperatureasfollows:

.

v“

(5)

.

Ithasbeenshown(ref.12,forexample)thateventhoughthepressure-
gradientparsmeter~ variesasa functionofthecoordinate,~,-the
FageandFalknermodelcanbe appliedlocallytopredicta corresponding
veriationol.localheat-transferparsmeter.Theagreementwithexperiment
isgood,eventhoughthetheoryisnotrigorouslyapplicable.Theassump-
tionisthereforeintroducedthatthelastfactorontheright-handside
ofequation(2)isdefinedona l~calbasisfora givenPrandtlnumber
anduniformsurfacetemperature(h= O)by localvaluesoftheincompres-,
siblepressure-gradientparemeter,~. Forconvenienceandconsistency
itisfurtherassumedthattheincompressiblepressure-gradientparameter
hasitssmaloguesinthetwo-dimensionalcompressibleandtheaxisyrmuetrlc
compressibleflows.Therelationbetweenpressure-gradientparametersinthe
respectiveflowsistakentobe:

where

(6)

(7)

—

—

—

● �

w

Theright-handsideofequation(7) canbe evaluatedasa functionofthe
coordinatex fora bodyofrevolutionaboutwhichthelocalisentropic
flowisknown.Thetransformationfactors(fi/E)and(E/m)ontheright- . “..
handsideofequation(6)canbe calculatedapproximatelyintermsof
thelocal.flowaboutthebodyofrevolution,as isshownindetailin -.
AppendixB. Thusa correspondenceisestablishedbetweentheknown



NACATN 3344 7

pressure-gradientparsmeter,m, intheaxisymmetriccompressibleplane
andtheanalogousparameter,~, intheincompressibletwo-dimensional
plane.Oneisthereforeabletodeterminethelastfactoron theright-
handsideofequation(2)by recoursetothetablesofreferences10
and11;and,consequently,thedistributionofaxisymmetriccompressible
heat-transferparsmeterNu/fi canbe established.

Inthepresentinvestigation,thelocalheat-transfer-parameter
distributiononthesurfaceof a hemisphere-cylinderiscalculatedusing
theexpertientallydeterminedpressure-gradientparameter,m, according
to theforegoingmethod.

RecoveryTemperatureandRecoveryFactor

Whena bodymovesthroughtheatmospherethesurfacetendstoassume
a temperaturedistribution,calledtheequilibriumtemperaturedistribu-
tion,suchthatthelocalheattransferat eachpointisa minimum.In
theabsenceofradiationandinternalheatflowtheminimumheattransfer
is zero;thisequilibriumdistributionis calledtherecovery-temperature
distribution,andthebmlyis saidtobe insulated.Sincea spotonthe
surfacecan assumea temperatureno greaterthanitslocalrecoverytem-
perature,thequestionofhowhota bodycanpossiblybecomeforgiven
flightvelocityandambienttemperaturecanbe answeredbyinvestigating
thepropertiesof insulatedbodies.

Therecoverytemperatureata pointonan insulatedbodyisspecified
by thesumofthelocalfree-streamtemperaturejustoutsidetheboundary
layerandthetemperatureriseacrosstheboundarylayer.Thetemperature
riseacrosstheboundarylayerdependsupontheboundary-layertypeand
thedimensionlessflow,fluidproperty,andbody-shapeparametersmentioned
previously.It is convenientto comparetheactualtemperaturerise
acrosstheboundarylayerwiththerisewhichwouldoccurifthelocal
freestreamwerebroughttorestadiabatically.In thenotationof
AppendixA, theratiosoobtainedcanbewritten

Tr - T1
Cr=

Tt - T1
(8)

ThefactorCr iscalledthe
ferentvalueforlaminarthan

.
Withtheaidofanalogue

temperature-recoveryfactorandhasa dif-
ferturbulentboundarylayers.

computerssmdnumericalinte~ations,the
locallaminarrecoveryfactorson-aninsulatedflatplatefiairI&vebeen

. deduced(ref.3, k, and5)fora widerangeoflocalfree-streamvelocities
andtemperatures.It is interestingtonotethatonecancorrelatethese
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recoveryfactorsasa functionofthesumof’thelocalfree-streamtem-
peratureT1 andthestagnationtemperature.Tt,providedtheairdoes
notdissociate.Theflowparameters(Machnumberad Reynoldsnumber)
donotenterthecorrelationexplicitly.If thesumof T1 andTt does
notexceedabout2000°Rankine,therecoveryfactorspredictedinrefer-
encesk and5 canthenbe approximatedwithin1 percentby thefollowing
equation:

u

F-

(9)

where pr(Tt+T1/2)isthePrandtlnumberevaluatedatthearithmeticmean

of thelocalfree-streamandthestagnationtemperatures.Ifthesumof
T1 andTt isgreaterthan2000°Rankine,eqnation(9)doesnothold,and
itisdesirabletoutilizethepredictionsofreferences3,4,and5
directly.

Althoughtheinfluenceofpressuregradientonthelocallaminar
recoveryfactorhasbeencalculatedtheoreticallyfortwo-dimensional,
constant-propertywedgeflows,slightdisagreementexistsamongthe

*

numericalresultsoffourindependentdeterminationsoftherecoveryfac-
torata stagnationpoint(ref.21). Theextremesof thevariouscomputa- U
tionsrangefroma predictionofno changetoa predictionofa 5-percent

—.

decreaseinrecoveryfactorfromtheconstant-pressurevalue.Thus,the
validityofequation(9)inregionsofnonzeropressuregradientcanbest
be determinedby experiment.

Inthepresentinvestigationtheequilibrium-temperaturedistribu-
tiononthesurfaceofa hemispherewitha cylindricalafterbodywas
measured,assumedtobe therecovery-temperaturedistribution,andcom-
binedwiththelocalfree-streamtemperature.andthestagnationtempera-
tureaccordingtoequation(8) totesttheapplicabilityofequation(9)
ina strongpressuregradient.Forreasonstobe discussedlater,the
equilibriumtemperatureclosetothestagnationpointofthetestbody —

wassignificantlydifferentfromtherecoverytemperature.Hence,inthis
regiontherecoveryfactorwasestimatedby combiningthetheoretical
resultsofreferences4 and5 withthatofreference21whichproduced
thebestfitwiththe.validportionof theda-. Oncetherecoveryfactor
wasknown,therecoverytemperature(necessaryforreductionofheat-
transferdata)wasfoundfromequation(8)rewritten:

(lo)
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APPARATUS

Wind

ANDPROCEDURE

Tunnels

ThepresentexperimentalinvestigationwasconductedintheAmes
1-by 3-footsupersonicwindtunnelsNo.1 andNo.2. WindtunnelNo.1
isoftheclosed-circuit,continuous-operation,variable-pressuretype
andisequippedwitha flexible-platenozzlethatprovidesa rangeof
Machnumbersfrom1.2to2.5. Theabsolutepressureinthetunnelset-
tlingchsmbercanhe variedfromone-fifthofan atmospheretothree
atmospherestoprovidechangesinthetestReynoldsnuniber.Theabsolute
humidityoftheairismaintainedat lessthan0.0001poundofwaterper
poundofdryairsothattheeffectsofwatervaporon thesupersonic
flowarenegligible.TheNo.2 windtunnelisof theintermittent-
operation,nonreturn,vsriable-pressuretypeandusesthedryairathigh
pressure(sixatmospheres~solute)fromtheAmes12-footwindtunnel.
Theairisexpandedtoatmosphericpressurethroughthe1-by 3-foottest
section,whichis structurallyidenticalto thatofwindtunnelNo.1.
TheMachnumbercanbevariedfromabout1.2to 3.8. Thesteadyrunning
timeavailableforeachtestdependslargelyon thetestMachnumberand
vsziesfromabout18minutesat a Machnumberof2.9to 5 minutesat a
Machnumberof 3.8. Thetotalpressureinthewind-tunnelsettlingchsmber

. Iscontrolledby meansof a butterflyttiottlingvalveinthesupplypipe.
Becausetheairinthesupplysystemexpandsduringeachtest,thestag-
nationtemperaturedecreaseswithtime;themaiimumrateofdecreaseis. abouthoF perminute.Althoughthermalequilibriumisneverachieved,
it ispossibleto obtainvalidtemperaturedataundercertainoperating
conditions.WindtunnelNo.2 wasusedforsomeofthetestsbecauseit
provideshigherMachnuribersandReynoldsnumbersthanwindtunnelNo.1.

TestBody

A hemisphericalnoseshapewasselectedforthetestbodyinthe
presentinvestigation.Considerationsof experimentalconvenience(such
aseaseof construction,mounting,andtesting)andtheprecedentof con-
siderabletheoreticalbackgrounddealingwithflowaboutspherescombined
to suggestthehemisphereasthetestbcdy. Thek-inchdiameterhemi-
sphericalnosehada cylindricalafterbodywitha lengthlimitedto 3
inchesto avoidintersectingthereflectionofthebowshockwavefrmn
thewind-tunnelwalls.Threesting-supportedmodelsof thetestbody
wereconstructed,eachhavingthessmeexternalsizeandshape,andsur-
faceroughnesses(lessthanabout20microinches).Theinstrumentation
housedineachandthesting-supportdetails,however,weredifferent.0

Pressure-distributionmodel.-Thepressure-distributionmodel
(fig.l(a))madefromaluminum,hada wallthicknessof one-halfinch.
Twenty-two0.031-inch-diameterstatic-pressureorificesWereplacedon
thesurfacein a planepassingthroughtheaxisofrevolution(meridian
plane). Brassplugscontainingthedrilledorificeswerepressed
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into3/16-inch-diameter,3/8-inch-deepholesinthealuminum.Copper
-

tubingattachedto-theplugs’passedradiallythrough0.064-inch-dismeter
holesintothemodelcavityandemergedthrougha 2-inch-diameterhollow a
stingthreadedintothebase. Eachplugandtubewascoatedwithan
alkydresinbeforeinsertiontopreventleaks-betweenthecavityandthe
surface.

Recovery-temperaturemodel.-Therecovery=tegperaturemodel
(fig.l(b)),madefromstainlesssteel,had,exceptfortheafterbody,
a nominalwallthicknessof0.020inch.Thethicknessofthecylindrical
portionincreasedlinearlyfrom0.020inchat itsjunctionwiththehemi-
sphere(shoulder)to1/8inchatthepointof”attachmentofthel/2-inch-
thickbasering. Thethinwallservedtominimizeboththeheatcapacity
of themodelandthelongitudinalheatconductionwithintheshell.
Stainlesssteelwasusedbecauseof itslowthermalconductivityrelative
to othermetals.Twenty-fourconstantanwiresweresolderedintoholes
inthesurfacelyingina rneridisnplane,as showninfigurel(b).A
singlestainless-steelwireconnectedtotheinsideoftheshellnear
thebasecompletedthereturncircuitforthetwenty-fourstainless-
steel-constantanthermocouples.Thethermocouplewireswerebroughtinto
the2-inch-dibneterhollowstingthrougha pressure-tightfittinginthe
base. Theassemblywascalibratedina liquidbath. A coppertubecom-
municatingwiththemodelcavitywasprovidedsothattheinternalair
pressurecouldbereducedtolessthan400microns(0.016-inchHg)abso- *
lutetominimizeinternalheattransferduetofreeconvection. ——

Heat-transfermodel.”-Theheat-transfer-model(fig.l(c))wasa
stainless-steelshellwhichformedtheresistanceeleme”ntofthelow- —

voltage,high-amperageelectricalcircuitusedtoheatthebody. The
circuitwasarrangedsothata 60-cyclealternatingcurrentcouldbe passed
longitudinallythrou~theshell,enteringthrougha copperbusbarimbed-
dedin thenose,andleavingthrougha copper-collectorringwhichformed
thebase. Theinteriorsurfaceoftheshellwascontouredtoprovidean
effectivethicknessdistribution,andthereforea resistancedistribution}
whichwasproportionalto theexpectedheat-removalcapabilitiesofthe
airstreamwhenthetemperaturewasuniform.Twenty-twocopper-constantan
thermocouplesweresoft-solderedinholesdrflledthrougl”theshellina
meridianplane,withthethermocouplejunctionswithinl/32inchofthe
outersurface.Thespacingisindicatedinfigurel(c).Thewirester-
minatedat a selectorswitchoutsidethewindtunnelwhichwasarranged
sothat,onalternatesidesofthebody,suctieedtngpairs“ofthecopper
wireswhichformedonesideof eachcopper-constantanthermocouplecir--
cuitcould.beutilizedas tapstomeasuretheA.C.voltagedropexisting
alongany12°arconthehemisphere.A simultaneousindicationoftem-
peraturecouldbe obtainedfromthethermocouplelyingwithinthesame
intervalbutdisplaced1800abouttheaxis. Thestationsontheafterbody .
werespacedthesanedistanceapartaswerethoseonthehemisphere.To
preventheatgeneratedinthenosefromflowingby conductionintothe
3/&inch-diametercopperfeeder.busbat,””anindependentlycontrolledelec- .
tricalheatingcoil,woundonan aluminumspool,surroundedthebusbar.
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Thetemperaturewithinthebusbarwasmonitoredwithiron-constantan
thermocouples,andthepowersuppliedto theheaterwasadjustedtomini-
mizethetemperaturegradientinthebusbarbetweentheshellandthe
heater.

A photographoftheheat-transfermodelinstalledinwindtunnel
No.1 isshowninfigurel(d).

InstrumentationandAccuracy

Theexperimentaldataleadingtoevaluationof
consistedofpressureandtemperaturemeasurements.

therecoveryfactors
Staticandtotal

pressuresweremeasuredby conventionalmethodswitha relativeerrorof
*1 percentintheworstcase.Temperatureswereobtainedfromthermo-
couplevoltagessensedoneitherindicatingorrecordingpotentiometers
thatwereaccurateto*0.25°F. However,inwindtunnelNo.1 anaddi-
tionaluncertainty,duetoa raggedtemperaturedistributionintheset-
tlingchamber,lhnitstheprobableaccuracyofthetemperaturedetermina-
tionsinthiswindtunneltokl.5°F. 1% theworstcasetherelative
errorofthetemperaturedeterminationwaskO.5percent.Heattransfer
duetoradiationwasestimatedandfoundtobe negligible.

.
TheevaluationofNusseltnuniberrequired,inadditiontopressures

andtemperatures,themeasurementofthelocalvoltagedropsalongthe
. modelsurfaceandthetotalcurrentflowingin theelectricalheating

circuit.Localvoltagedrops,whichrangedfrom0.0025to 0.03volts,
A.C.,weremeasuredwithan electronicvoltmeterhavinga relativeerror
of*3 percent.Thecurrent,whichvariedfrom650to900smperes,was
measuredwitha relativeerrorof*1 percent.

Theactualcentersofthemeasuringstationson thetestbodiescor-
respondedto thenominallocations(fig.1)within+0.005inch. Surface
areasof thesegmentson theheat-transferbodywerecalculatedusingthe
nominalnoseradiusof2 inchesandthenominalstationlocations.The
fluidpropertiesofviscosityad thermalconductivitycorrespondingto
thecalculatedlocalstatictemperaturesweretakenfromcurvesprepared
fromthetablesofreference26.

Theprobableerroroftheprincipalparameters,basedon theprobable
errorwithwhicheachindividualcomponentcouldbe determined,canbe
summarizedasfollows:

Percent
Machnumber,M *1
Reynoldsnumber,Re *1
Recoveryfactor,Cr *1.5
Nusseltnuder,Nu *15
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Theprecisionof therecovery-factormeasurenient,whichissomewhatless
*

thanthatpossibleona constant-pressuresurface,includesanuncertainty
duetoheatconductionintheshellofthetestbody. Likewise,the

.
z

accuracyoftheNus6eltnumbermeasurementincludesanallowancefor
slightnonuniformityoftheheated-surfacetemperature.

Tests

Eachtestbodywasoriented,inthewindtunnelssothatthemeridian
planecontainingtheinstrumentationcoincidedwiththevertical.planeof
thetestsections.Allbodieswereadjustedto anangleofattackof0°
*o.lO.Axiallocationinthetunnelswasselectedonthebasisofwind-

----

tunnel-calibrationdatatominimizeeff’ectsof local-pressure-gradient
andstream-anglevariations.Observationswithschlierenopticalsystems
indicatedthattheboundarylayersonthehemisphereswere.laminsrfor

..

alltestconditionsinbothwindtunnels.Wind-tunnelconditionsfor
..,...,11

eachseriesoftestsaregivenintableI.

Pressure-distributiontests.-Static-pressuredistributionsobtained
inwindtunnelsNo.1 andNo.2 wereconvertedtolocalMachnmibervari&-
tionsaboutthebody. Iseritropicflowwasassumedto existbehindthe
bowshockwaveinthestresmtubejustoutsidetheboundarylayer;the
staticpressureacrosstheboundarylayerwasassumedtobe constantso
that ps = PJ. To checktheisentropic-flowassumption,an tipeettube

.

formedfromstainless-steeltubingwassolderedintotheresrmostorifice
ontheafterbody.Thistubewassituatedsothatthemouthwasnormal 8:
to,andone-eighthinchfrmnthebodysurfacej”andatthessmestationas
theprecedingstaticorifice.Schli.eren-systernobservationsverifiedthat
theopeningwasjustoutsidetheboundarylayeratallReynoldsnumbers.
Theimpactandstatic-pressuremeasurementsatthisstationallowed,wfth
theaidofRayleightspitot-tubeequation,independentdeterminationsof
localMachnumberwhichagreedwellwiththoseobtainedwiththeisentropic
flowassumption.

A checkruninwindtunnelNo.1 withthepressureorificesinthe
horizontalplane(l-footdimensioninwindtunnel)revealedno flowasym-

.

metries.

Temperature-distributiontests.-InwindtunnelNo.2, thesurface-
to-stagnation-temperatureratiosatallstationsceasedtochangeasa
functionof elapsedtestingthe afteran intervalofaboutsevenminutes.
Thiswastakenasanindicationthatthestartirigtransienthaddiedaway
andthata quasi-steadystateofthermalequilibriumexistedonthetest-
bodysurface.No datawhichwereconsideredvalidcouldbeobtainedat
a testMachnumberof3.8becausethedurationofrundidnotexceed7
minutes.Thepossibleerrorsduetothesmallbutfiniteheattransfer
whichaccompaniedthestagnation-temperaturedriftwereevaluatedat
Mm = l.~ by comparingtheconstsmtvaluesofthesurface-to-stagnation-
temperatureratiosobtainedintheintermittent-operationwindtunnel
(No.2)withthoseobtainedundersteady-stateconditionsinthe

a

.
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.

continuous-operationwindtunnel(No.1) atnearlythesanetestReynolds
number.Thiscomparisondisclosedthattheagreementwasgoodexcept
closetothenoseofthetestbody.

InwindtunnelNo.1 thesteady-statevalueof thesurface-to-
stagnation-temperatureratioat thestagnationpointofthehemisphere
didnotreachunity.To determineifthiswerecausedonlyby heatlosses
intheshell(conductionandinternalfreeconvection),or couldpossibly
be duealsotononadiabaticcompressionalongthestagnationstreamline,
theconstsntanwireat thestagnationpointwasreplacedwitha sleeveof
l/16-inch-O.D.stainlesssteeltubinghavinga lengthofapproximately
1/2inch.Thesleevewasflushwiththeoutersurfaceandprovidedsup-
portfora 30-gage,glass-insulated,iron-constantanduplexthermocouple
wirewhichwaaslippedthroughfromtheinteriorofthemodel.Thel/32-
inch-dismeterjunction,whichwasapproximatelyspherical,wascantilevered
upstreamona l/4--inch-longbaredportionoftheO.010-inch-diameter
thermocouplewires.Theaxiallocationofthejunctioncouldbevsried
by slidingtheinsulatingsheathinthesleeve.Thetemperatureobtained
fromthisthermocouplewasclosertothewind-tunnelstagnationtemperature
thanitwasto thetemperaturemeasuredby thethermocouplesimbeddednesr
thenoseofthemodelshell,showingthatduetoheatconduction,thetrue
recoverytemperatureswerenotobtainednesrthestagnationpoint.

Heat-transferteste.-Theheat-transferexperimentswerecarriedout
understeady-stateconditionsinwindtunnelNo.1. Theheatingcurrent
whichproducedthemostuniformsurfacetemperaturewasfoundexperimen-
tallyateachtestReynoldsnumber,atwhichtimethelocalvoltagedrop
andsurface-temperaturedistributionswererecorded.ThelocalNusselt
numberwasformedfromthemeasuredquantitiesasfollows:

Nu=:= qx
()

dQ X
- ,r ‘ $(3(A)
1

(Ts- Tr)kl‘~ ~ T9

KIM ()xf%
AA(TS- Tr) g (11)

Becauseitwasthepurposeofthisinvestigationto isolatethe
effectofpressuregradientuponthelocalheat-transferparameterfrom
thenonuniformtemperatureeffect,considerableeffortwasexpendedin
obtaininga constantsurfacetemperature.Fourtrialswererequiredto
achievea heatingdistributionwhichyielded”a reasonablyisothermalsur-
face.Thethicknessdistribution(resistancedistribution)oftheshell
andthemethodof joiningthefeederbusbartothenosewereimproved
betweentrialsonthebasisof theexperimentalresultsofeach-previous
test.Theshapeoftheinnersurfaceinthevicinityofthestagnation
point(fig.l(c))wasa contourwiththeequationofa streamlineobtained
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~:

fromthesolutionofa well-knownprobleminpotentialflow- theflow
insidethesphereobtainedwhen..aspacedoubletis cotiinedwitha uniform “ “:
stream.Thesoft-solderedjointbetweenthecopperbusbarandthe c
stainless-steelshellwasmadeontheequipotentialsurfacepassingthrough
thestagnationpoint.

Becausetheinnersurfaceofthashellcouldnotbe machinedtothe <
desiredcontourwiththerequiredaccuracy,theresistancewascorrected

—

towithin*1Opercentofthedesireddistributionby a processof selective
—
—

electroplatingwith~opper.Thetechniqueemployedwasasfollows:After
chemicalcleaningjtheinaccuratelycontouredmodelwassupportednose
down,andtheinterior,unobstructedexceptforthefeederbusbar,was
electroplatedwitha flash-coatofnickel,followedimmediatelyby a flash
of copperdepositedfroIua cyanideelectrolyte.Provisionwasthenmade
forfillingtheinteriortoanydesiredlevelwithcarbontetrachloride —.
supportinga filmofcoppersulphatesolutionapproximately1/8inchdeep.
Witha washer-likeanodeofcoppersuspendedi.ntheelectrolyte,anannular
bandof coppercouldbe depositedorremovedfromanydesiredelevationon
theinnersurfaceof.ihemodel.Whena smallc-urrentwaspassedthrough
theheatingcircuit,“platingprogresscouldbe”observedandcontrolledby
measuringthechange.in

Theresultsofthe

voltagedropbetweenexternallymountedtaps.

—.
RILSULTSAND.IIISCUSSION ●

localstatic-pressure,”recovery-temperature,and *
heat-transfermeasurementsontheh-inchhemisphere-cylinderarepresented
infigures2.througl..hwiththedistancealongthesurfaceina meridian
plane(srclength)astheindependentvariable.Thearclengthx is
normalizedwithrespecttothebodydiameterD. ThetestMachnumber -
Mm isthatof thefreestream;thetestReynoldsnumbersR% arebased
onconditionsinthefreestream,withthebodydiameterasthe“reference
length.Localpemmeters,(Ml,Re,Nu,etc.)arebasedon conditionsin
thelocalflowJustoutsidetheboundarylayer:Thereferencelength,
whererequired,isthearclengthx.

PressureDistribution

Thestatic-pressuredistributionsmeasuredaboutthehemisphere-
cylinderat testMachnumbersof1.97,3.04,and3.80inwindtunnelNo.2
srepresentedincoefficientforminfigure2(a). Thepressurecoeffi-
cientsabouta sphereforinviscidincompressibleflow,andforcompres-
sibleflowata Machnumberof infinityaccordingtoNewtoniantheory
(ref.27)areincluded.forcomparison.Themea~tiedpressurecoefficients
wereindependentofReynoldsnumberthroughouttherangecovered.The
sizeofsymbolsat eachstation(fig.2(a))outlinestheextentofthe
experimentalscatterand
evidentfromthefigure,

variationwith
orificeslying

Reynoldsnumber.
betweenlocations

Althoughnot
from x/D= 0.35
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to x~ . 0.45encompassedthesoniczoneonthehemisphereandtended
to giveerraticpressureindicationsunlesseachholewascarefully
cleanedofminutedepositsof foreignmatter.Thevaluesofpressure
coefficientsobtainedfromthetestsinwindtunnelNo.1 fallwithin
thesymbolsdrawnaroundpointsobtainedat thesameMachnumberinwind
tunnelNo.2. ThepressuredistributionobtainedinwindtunnelNo.1
withtheorificesina horizontalplaneagreedwiththatobtainedwith
theorificesina verticalplane.

ThelocalMachnumberdistributionsderivedtramthepressure-
coefficientdataandtheNewtoniantheory(ref.27)arepresentedin
figure2(b). Alsoincludedaretheresultsofthedeterminationof local
Machnumbers(at x/D= 1.16)by impactandstatic-pressuremeasurements.
Thetwomethodsofmeasurementagreewithin1.5percentintheworstcase.

A tendencyisnotedinfigure2(b)fortheincreaseinlocalMach
nuniberata givenstationx/D tobecomeprogressivelylessastheMach
numberoftheoncomingstreamMm isincreasedby anapproximatelyfixed
increment.Thistrendis inaccordancewiththetheoryofreference28,
whichpredictsthattheentireflowpatternaboutan arbitrarybodytends
tobecomestationaryasthefree-streamMachnumberisincreased.More-
over,becausethesignificant(hypersonicsimilarity)parameterisa
functionof theproductofthethicknessratioandtheMachnumber,the

. flowpatternabouta bluffbody“freezes” at a lowervalueof theMach
numberthanisthecasefora slenderbody. Becauseinthecaseofthe
hemisphere-cylinderthelocalMachnumbercurvesaresimilarinshape,

. thepressure-gradientparsmeterm (eq.(7)) isa functionprincipally
of thearclength,x/D,anddependsbutlittleupontheMachnumberof
theoncomingstream.Hence,anydependenceof thelocalheat-transfer
coefficientuponthefree-streamMachnumber.anduponthepressure-
gradientparsmeterwouldbe expectedtobecomesmallerandsmalleras M=
increases.

TemperatureDistributionsandRecoveryFactor

Typicaltemperaturedistributionsobtainedfromtherecovery-
temperaturemodelinwindtunnelNo.1 ata testMachnumberof1.97are
presentedinfigure3(a).Thetemperaturemeasuredwithan isolated
thermocoupleprojectingl/16-inchupstresmofthestagnationpoint
(plottedat x/D= O;To/Tt= 1.0000*0.0013)indicatesthatthereduced
temperaturenearthenoseoftheunheatedsurfaceisdueto conduction
inthemodelshell.Thetwoexperimentaldistributionsshowncorrespond
tothetwohighesttestReynoldsnumbersand,accordingly,theleast
seriousconductioneffects.Theyillustratetheextenttowhichconduction
influencedtheequilibriumtemperaturesnearthestagnationpointunder
thetwomostfavorabletestconditions.Thecoalescenceofthesetwo
curvesatvaluesof x/D greaterthan0.35wastakenas an indication
thattheequilibrium-temperaturedistributionbeyondthispointwasa ‘
closeapproximationtotherecovery-temperatmedistribution.Alsopre-
sentedinfigure~(a)aretemperaturedistributionsobtainedfromthe
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heat-transfermodelwithpowerinputsadjustedtoproducethemostuni-
formsurfacetemperatures.

w

Thetemperature-recoveryfactors(fig.3(b))computedfromthe
equilibrium-temperaturedata(fig.3(a))andthelocalMachnumberdata
(fig.2(b))areinaccurateforvaluesof x/D lessthanabout0.35for
thereasonsoutlinedabove.Therecoveryfactorsmeasuredata Mach
numberof1.97intheintermittent-operationwindtunnel(No.2) agree
wellwiththoseobtainedfrommeasurementsinthecontinuous-operation
windtunnel.(No.1)forvaluesof x/D between0.35and0.90.The
recoveryfactorsonthehemispherehave,forx/D greaterthan0.35,a
mea valueof0.823*0.012whichrisesontheafterbodytoa meanof0.840
*0.012inthecaseofwindtunnelNo.1. Theincreasingrecoveryfactors
measuredonthecylindricalafterbodyatvaluesof x/D greaterthanabout
1.1inwindtunnelNo.2 arebelievedto signifytheonsetoftransition
toturbvlentflow.Therecoveryfactorat & = 3.04islowerthanthat
at & = 1.97.Thisdecreasemaybe duetotheslightlymoreseverepres-
suregradientat & = 3.04;however,thedifferenceisofthesameorder
ofmagnitudeastheprobableaccuracyofthemeasurements.

.-

Alsoincludedinfigure3(b)aretherecovery-factorpredictionsfor
a Machnumberof1.97ofconstant-pressurevariable-propertytheory,and
ofan empiricalconibinationof constant-pressuretheoryandpressure-
gradienttheoryforlaminarflowderivedbelow.Thecurverepresenting
theconstant-pressuretheorywasobtainedfroma graphpreparedfromthe
recovery-factorinformationgiveninreferences4 and5. Valuesofthe
recoveryfactorwereselectedfromthegraphto correspondwiththeknown
stagnationandlocalstatictemperaturesofthetest.Thismethod,cor-
respondingtothedashedcurve(fig.3(b))jpredictsa slightincreaseof
recoveryfactorwitharclengthonthehemisphere-cylinder,anditagrees
wellwiththedataforthecylindricalafterbody,butliesslightlyabove
thedataforthehemisphere.Althoughtherecoveryfactordefinedby a
meanlinepassedthroughthevalidportionofthedataonthehemispher-
icalnoseisnotmorethan2 percentbelowtherecoveryfactorforthe
cylindricalafterbody,and,consequently,theeffectofpressuregradient
canprobablybe disregardedinpractice,thedecreaseinlevelcanbe
predictedveryclosely,atleastinthecaseofthehemisphereat
Mm = 1.97,by an empiricalmethodwhichwasusedto computethesolid
curvepresentedinfigure3(b).Thislatterrecovery-factorcurve,which
wassubsequentlyutilizedto calculaterecoverytemperatures(eq.(10))
forthereductionofheat-transferdata,wasobtainedasfollows$Recovery
factorscomputedfora constant-pressuresurfacewereassumedtodiffer
fromthoseforthesameflowconditionsbutwitharbitrarypressure
gradientby a factordependingonlyuponthepressure-gradientparameterm _
(eq.(7)). Further,therecoveryfactorstabulatedinreference21,
whichapplytotwo-dimensionalincompressibleflow,wereassumedtovary
linearlywiththeincompressiblepressure-gradientpemmeter fibetween

.

thetabulatedvaluesfor R = O andR . 1.
,=

Theempiricalequationembody-
ingtheseassumptionsiswritten: .

.

.
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where

Er
b=l _ (==1)

cr(==o)
(12)

Therecoveryfactorspredictedforthehemisphere-cylinderat M= = 1.97
by equation(12)areshownas thesolidcurveon figure3(b).A value
of b = 0.023,correspondingtothecalculationsofLevyandSeban
(ref.21)wasused. Theappropriatevaluesof ~ wereobtainedfromthe
localMachnumberdistribution(fig.2(b))andequation(6).

Therecoveryfactorsmeasuredat a Machnumberof 1.97lieslightly
above‘thepredictedcurveintheintervalfrom x/D= 0.525tox/D= 0.70.
Thislocalmaximumcanbe tracedto a bulgefaintlydiscernibleinthe
correspondingequilibrium-temperaturedistributions(fig.3(a))which
coversthesameintervalofarclength.Althoughthereasonforthis
bulge.isnotknown,itwascharacteristicofalltheequilibrium-
temperaturedata,and,aswillbe seenlater,correspondsto thezoneon
theheatedhemispherewheretheheat-transferrateisa maximum.It can
be concludedfromfigure3(b)thatthelocalrecoveryfactoron the

. hemisphere-cylindermaybe predictedwithin*1percentby theforegoing
method.

HeatTransfer

Themeasureof successrealizedin obtainingan isothermal
on theheat-transfermodelhas~eady beenindicatedinfigure

surface
s(a).

Themaximumvariationofthemeasured-surfacetemperaturesabouta &an
linerepresentinga constanttemperatureis about*2.5°F at Mm= 1.97
ad ReD. 2.3~08. Themaximumgradientof surfacetemperature,which
extendsoveraboutone-tenthoftheinstrumentedlengthisabout80°F per
foot. Thetemperaturepotential,Tfi- TrJvariescontinuouslyon the
hemispherefroma minimumof 35°F at thestagnationpointto a maximum
ofabout72°F at theshoulder.Theheat-transferdatatakenunderthe
conditionsofnonuniformsurfacetemperature,whichexistedduringthe
firstthreeattemptstoachievean isothermalsurface,yieldedheat-
transferparameterswhichdepsrtedconsiderablyfromthoseobtainedwith
thefinalshellconfiguration.Thereasonsforthissretwo-fold:First,
thenonuniformityof surfacetemperaturewasaccompaniedby heatconduction
withintheshellwhichrenderedinvalidtheassumptionthatheatgener-
atedlocallywastransferredintothestresmlocally(eq.(11)).This

. canbe consideredtobe an experimentalerror.Second,ashasbeendis-
cussedinreference6, theheat-transferparametersfornonisothermal
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surfacesaresignificantlydifferentfromthoseon constant-temperature
surfacesbecauselocalconditionsdependupofiboundsxy-layerhistory;
hence,themeasurementscontainlargecontributionsduetothetemperature
nonuniformities.Althoughtheresultsofthefinalattemptto obtaina

—

uniformsurfacetemperaturearenotentirelyfreefromtheforegoing
effects,thesurfacetemperatureisbelievedtohavebeensufficiently
uniformthatvalidconclusionscanbe &awn fromtheheat-transferdata.

Thedistributionofthelocalheatinputalongthesurfaceofthe
shellwhichwasbuiltintothebodyispresentedinfigure4(a).The
incrementalvoltage_dropacrossequalintervalsofarc(normalizedwith
respecttothevoltagedropattheshoulder,)isplottedasa functionof
x/D. ThepointsrepresentthedistributionmeasuredinwindtunnelNo.1
at Mm= 1.97throughouttheReynoldsnumberrange;thescatterisdueto
voltage-readingerrors.Thecurverepresentsthetheoreticalvariation
whichitwasdesiredthatthemodelshouldpo%sess.It isemphasized
thattheexperimental”heat-inputdistributionwasinvariant(i.e.,it
couldbe reproducedunderno-windconditionsandcouldnotbe altered
duringa run)andaccuratelydefinedtheheat-transferrateat a given
locationonlywhenpowerinputandexteriorcoolingconditionsyielded
anisothermalsurface.

Themeasuredlocalheat-transfer-parameterdistribution,Nu/@,
correspondingtothemostuniformsurfacetemperatureconditionsonthe
body,is comparedinfigure4(b)withthedistributionpredictedby the
presenttheory.Thedatadepartfromthepr@ictedcurveby valuesof
*18percentatmost. However,duetotheapproximationsemployedinits
d&elopment,thetheoryissubjectto errorsofunknownmagnitudes.The
experimentalresults,ontheotherhand,havea knownuncertaintyofabout
*15percent.Uponcomparisonofthetheoreticalwiththeexperimental
distribution,itappearsprobablethatthetheoreticaldistributionpro-
videsa closerrepresentationofthelocalisothermalheat-transferparam-
eteron thehemisphere-cylinderthandoestheexperimentaldistribution
becausethedatadeviatefromthepredicteddistributionbothinmagnitude
andsenseina mannerwhichiseasilyexplaineduponexaminationoffig-
ures3(a)end4(a).Thedatatendto lieabovethepredictedcurvein
zoneswherethebuilt-inheatproductionwastoogreat(fig.4(a))andthe
measuredtemperaturepotentialwastoolowduetointernalconduction
(fig.3(a)); andtheytendtoliebelowthetheoreticalcurvewherethe
conversewastrue.Forthesereasons,andasa resultof carefulanalysis
of figure4(b),itisbelievedthatthetheoreticalcurvecontainsan
uncertaintyofnotmorethan*7 percent.

Theincreasingscatterofthedataatvaluesof x/D lessthan0.25
is causedby thedecreaseinlocalNusselt-nuder andlocalReynolds
numberas thestagnationpointisapproached,whiletheabsoluteerror
ofmeasurementremainsfixed.Withintheaccuracyofmeasurement,however,
theheat-transfer-parameterdistributionon.thehemisphere-cylinderis
independentoftestReynoldsnumberthroughouttherangecovered.

●

�
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Alsoshowninfigurek(b)srethetheoreticalisothermal-surface,
localheat-transferparametersforthestagnationpointofa sphere
(ref.22),a cone-cylinderinsupersonicflow(refs.2 and6),anda flat
plate(ref.6). Thestagnation-pointpredictionofreference22 agrees
wellwiththedataandisinexcellentagreementwiththeforecastobtained
by thepresentmethod.Thecomparisonbetweenthecone-cylindertheory
andthehemisphere-cylindertheoryillustratestheeffectoffavorable
pressuregradientuponthelocalheat-transferparameter,andindicates
thatthelocalheat-transferparameteronthehemispheredecreasesfrom
a valueat thestagnationpointabout27percentgreaterthamthaton
theconetoa valueat theshoulderabout20percentlessthanon the
cone.Theconicaltipselectedforthiscomparisonhasa half-angle,a,
of 39.5°,sothattheshouldersofbothbodiesoccurat x/D= fi/k.The
theoreticalheat-transferparametersonthecylindricalafterbodyapproach
theflat-platevalueasymptotically.

Thetendencyforthelocal.flowpatternaboutthehemisphere-cylinder
tobecomestationaryas thefree-stresmMachnumberisincreasedhas
alreadybeennoted.Onthebasisofthisobservationitwasinferred
thatthedistributionof isothermallocalheat-transferpsrameterabout
thehemisphere-cylinderalsotendstobecomestationaryas thefree-
streamMachnumberisincreased.Theexperimentalresultsat a Mach
numberof1.97areforthisreasonexpectedtobe representativeofall

. higherfree-stresmMachnumbers,providedthattemperaturesdo notexceed
thatofdissociation.FurthermorejbecausethelocalMachnumbersare
notarbitrarilylarge,itappearsthatanytheorycapableofpredicting
boundary-layercharacteristicsforanarbitrarybutconstantPrandtl
numbercanbe appliedwithgoodresultsto theflowabouta bluffbody
throughouta widerangeoffree-streamMachnumbers.

CONCLUSIONS

To determinetheeffectsof strongpressuregradientuponaerodynamic
heatingandheattransfer,distributionsof staticpressure,recovery
temperature,andisothermal-surfaceheat-transferratehavebeenmeasured
ona hemisphere-cylinderwithlaminarbo~ layerin supersonicflow.
Analysisofthesedataandcomparisonoftheresultswithpredictionsof
varioustheoriespromptthefollowingconclusions:

1. Inaccordancewiththehypersonicsimilaritytheoryof
Oswatitsch,thelocalflowpatternaboutthehemispheretendedtobecome
stationaryas thefree-streamMachnumberwasincreasedto 3.8. Sincethe
correspondingmaximumlocalMachnumberwasonlyabout2.5,itappears
thatboundary-layercharacteristicsforbluffbodiesinhypersonicflow
canbe adequatelypredictedby theoriesinwhichthePrandtlnumberis
anarbitraryconstant.
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2. Althoughtherecoverytemperature-didnotexistcloseto the
stagnationpointofthetestbody,duetolongitudinalheatconduction
withinthemodelshell,theresultsshowthatthestrongfavorable
pressuregradienttendstodecreasethelaminarrecoveryfactor,based
onlocalflowconditionsjustoutsidetheboundarylayer,fromthe
constant-pressurevalueof0.840ti.012ontheafterbodytoa valueof
about0.823*0.012onthehemisphere.Thisdecreasecouldbe predicted
within+1percentby anempiricalexpressionwhichcombinestheconstant-
pressurevariable-propertycalculationsofYoungandJanssenandof
KlunkerandMcLeanwiththeconstant-propertywedge-flowcalculations
ofLevyandSeban;Thisresultsuggeststhattheusualapproximation
of thelaminarrecoveryfactorby thesquare.rootofthePrandtlnumber
isconservativeinflowshavingstrongpressuregradients.

,

—
—
-,

—

3. Theisothermalheat-transferparsmeter,Nu/%&, basedonlocal
flowconditionsjustoutsidethelaminarboundarylayer,wasindependent
ofReynoldsnumberandagreedwithinabout*18percentwitha method
ofapproximatepredictiondevelopedherein.Thismethod,whichrequires
foreknowledgeonlyofthepressuredistributionaboutabodyofrevolu-
tion,predictsa distributionoflocalisothermalheat-transferpsrameter

—

onthehemisphere-cylinderbelievedtobe inerrorby notmorethan
*7percent.Becauseofthetendencyforthelocalflowpatterntobecome .—

independentof thefree-stresmMachnuniber,itisbelievedthatthese
resultsarerepresentativeofallfree-streamMachnumbersgreaterthan
about2 andat temperatureslessthanthatofdissociation.

z.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,C!alif.,Sept.1, 1954
—
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APPENDIXA

NOTATION

.

A

a

B

b

c

c~

Cp

c~

D

E

f

G

h

I

K

k

M

m

s Nu

P

area,sqft

speedof sound,

constant,ft-A

constant

constant

ft/sec

Tr - T1
recoveryfactor,— , dimensionless

Tt - T1
constant-pressurespecificheat,ft2/sec2,%?

constant-volumespecificheat,ft2/sec2,‘F

dismeter,ft

electricalpotential,voltsA.C.rms

boundary-layerstresmfunction,dimensionless

constant

accelerationof gravity,ft/sec2

qheat-transfercoefficient,—Ts -Tr>
f’c-lb/see,ft2,%

electricalcurrent,amp.A.C.rms

thermalconductivitycoefficient(body),ft-lb/see,ft,‘F

thermalconductivitycoefficient(air),ft-lb/see,‘F,ft

Machnumber,~, dimensionless

dul x
pressure-gradientparameter,=E , dimensionless

Nusseltnumber,~ , dtiensionless

pressure,lb/ft2
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Pr

Q

Q

Re

R%

R

r.

r

s

6

T

t

u

v

v

x

Y

Y

z

a

$

7

A

mPrandtlntib”er,~ ,

averageheat-transfer

heat-transferrateper

localReynoldsnumber,

(dimensionless

rate,fqdA,ft-lb/sec

()-k &unitarea,
3y6’

plulx
— , dimens~onlessu.

“J.

p=u~
testReynoldsnumber,—

k=

gasconstant,ft2/sec2,OF

, dimensionless

NACATN3344

ft-lb/see,sqft

distancefromaxisofrevolutiontobodysurface,ft

radius,ft

boundary-layertemperaturefunction,‘dimensionless

boundary-layertemperatureratio,A ,Ss dimensionlesss

absolutetemperature}%?

shellthickness,ft

velocity,ft/sec

velocityintransformedcoordinatesystem}ft/sec

velocitynormaltosurface,ft/sec

distsncefromnosealongbodygenerator,ft

transformedvariablenormalto.surface,secl’2

spacecoordinatenormaltobodysurfade,ft

transformedcoordinateparallelto surface,ft

conehalf-angle,deg
ftl-m

constant,—sec

specificheatratio
(%= ‘9

, dimensionless

indicatesfinite-differenceapproximationtodifferentialoperator

.

.-

.—

.

.

.
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9

.

boundary-layercoordinatenormalto surface,dimensionless

constant,ft-lb/watt,see

exponentin surface-temperature-distancerelation,dimensionless

absoluteviscosity,lb-sec/ft2

vkinematicviscosity,~, ft2/sec

massdensity,slugs/ft3

streamfunction,ft/sec1\2

Subscripts

stagnationcondition

main-streamcondition

referencecondition

localconditionjustoutsideboundarylayer

localconditiononbodysurface

equilibrium,surface-temperatureconditibn

recovery,surface-temperaturecondition

Quatitiesprovidedwithtwob~rsrefertotwo-dimensionalincompres-
sibleflow;quantitiesprovidedwithonebarrefertotwo-dimensional
compressibleflow;unbarredquantitiesrefertoaxisy?mnetriccompressible
flow.
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APPENDIXB “
.

-.

APPROXIMATECALCULATIONOFL.AMINARHEAT-TRANS~PARAMETERS

ABOUT‘BODIESOFREVOLUTIONINS~ERSONICFLOW

.

Thepurposeofthisappendixistodescribeanapproximatemeansfor
calculatingthelocalheat-transfer-parameterdistributionaboutanyiso-
thermalbodyofrevolutionwithlaminarboundarylayer.Thismethodwas —
usedtoobtainthe.theoreticalcurvegiveninfigure&(b)andtodesign
thehemisphere-cylindermodelemployedinthepresentheat-transfer
experiments.Themethod.canbestbe describedasa synthesisof existing

—

laminar-boundary-layertheoriesandempiricalobservationwhichleadsto
a rapidestimateoftheheat-transfer-parameterdistributionforanyiso-
thermalbodyofrevolutionaboutwhichthelocalflowpatternisknown.

Theproblemconsistsof evaluatingequation(2)ofthetextby employ-
ingthetransformationsofManglerandStewartson,sothattheheat-
transferparameterinaxisymmetricalcompressibleflowcanbe handledin
termsofknownincompressible-flowsolutionsinplanetwo-dimensionalflow.
Certaininconsistenciesnise intheanalysisbecause(a)Stewartsonts
transformationbetweenthetwo-dimensionalcompressibleandthetwo-
dtiensionalincompressibleflowsdoesnotholdexactlyforPrandtlnumbers

*=-

otherthanunityandnonzeroheattransfer,and(b)thepressiue-gxadient —
parametersofthewedge-flowsolutionswhich&reemployedto specifythe
incompressibleheat-transferparametersbecome,ingeneral,functionsof

.

thestreamwisecoordinatesasa resultof thetransformations.Thenature
of theformerinconsistencyisexaminedbelow,andlimitsaretentatively
proposedwithinwhichStewartsontstransformationmaybe expectedtobe
useful.Justificationforignoringthelatterinconsistencycanbe found
inthefactthattheincompressibleheat-transfer-parameterdistribution
onbodiesotherthanwedgescanbe predictedcloselyby localapplications
ofwedge-flowsolutions,andthereisnoa priorireasontoexpectthe
contraryforcompressibleflows.

.’.:

Thelsminar-boundary-layerequationsforcompressibleflowabouta
bodyofrevolutionalinedwiththestreamare:

continuity:

$ (Prou)+$ (Prov)= O

momentum:

( au au
Pu~+vY& ) ()

.–&+Lp&
dx ay ay

(Bla)

.
*

(Bib) -
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.

energy:

.

.

.

“4%+’%)-“2=$(’9+“(a’
state:

(Blc)

P = PRT (Bid)

Theequationsfortwo-dimensionalcompressibleflowareequivalentto
equations(Bl)with r. = r = constant; andtheequationsfortwo-
dimensionalincompressibleflowembrace,inaddition,thestipulations
thatthedensity,P, viscosity,V, andthermalconductivity,k, sre
invariant,andthatthetemperatureis independentofthepressure.

RelationBetweenAxisymmetricCompressibleFlowand
Two-DimensionalCompressibleFlow

Mangler(ref.2) hasshownthatequations(Bl)can,by meansofthe
coordinatetransformation

%= fxro’(x)dx (B2a)
X.

F“ ro(x)● y (B2b)

be castintotheequationsfortwo-dimensionalcompressibleflow.By
utilizingequation(1)ofthetextandappropriatedefinitionsgivenin
AppendixA in conjunctionwithMangler~stransformationitisnotdiffi-
culttodiscoverthat

Equation(B3)
heat-transfer

(B3)

providesa representationof theaxisymmetriccompressible
parameterintermsofa correspondingplanetwo-dfiensional

compressibleparameterwhichisexactwithinthescopeofboundary-layer
1 theory.
.
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Twolimitingcases
a cylindricalafterbody
monotonicallywith x.
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.
caube calculatedforanybodyofrevolutionhaving
anda bluffforebodysuchthat r. increases
Sufficientlynearthestagnationpointthefore- .—

bodyapproximatesa discnormaltothestreamsothat r. = x. An evalu-
ationoftheradicalontheright-handsideofequation(B3)forthis
conditiongivestheresultthattheheat-transferparsmeteratthestag-
nationpointis n timestheheat-transferpsrsmeterfora certain
correspondingbodyin a two-dimensionalcompressibleflow.On thecylin-
dricalafterbody,r. = r = constant,andequation(B3)yieldstheresult:

K/&
/

~x=F(r)ro2dx+/jr)r’dx—= rG+x
Nu/fie

=
r=x x

Onecanshowby useofthemeanvaluetheoremforintegralsthat:

F(r)
1
f

ro2dx~F(r)~
o

Thus: .
G = constant< 0

Hence,theheat-transferparameteron thecylindricalafterbodyapproaches .-
theflat-plate(constant-pressure)valueasymptoticallyfromabove.Due
tothepresenceofthenose,theafterbodyis subjectedto a “carry-over11
of theheat-transferparameterwhichamountstoa valuegreaterthanthat
whichwouldhaveexistedhadthecylinder,forinstance,beenhollow(open-
nosed). _

RelationBetweenTwo-DimensionalCompressibleFlow
andTwo-DimensionalIncompressibleFlow

Inreference25,Stewartsonshowsthatthetwo-dimensionalcompres-
sibleboundary-layerequationsforlaminarflow(eqs.(Bl)with r. = r =
constant)cm-be transformedinto
boundary-layerequationsprovided
absolutetemperature,(2)noheat
numberisunity.InStewartsonts
definedasfollows:

(a) Independent-variable

thetwo-dimensionalincompressible
that(1)theviscosityvariesasthe
istransferred,and (3) thePrandtl —

trsmsformationthenewvariablesare

transformations
.

—

(Bka)
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.

(b)Dependent-variabletransformations:

(To 1+ Y
~ %’)2

(B4b)

(B5a)

(B5tI)

(B5c)

(B5d)

(B5e)

Thesubscripto refersto a standardstateintheisentropiclocslfree
streemadjacentto thebody. Forconvenience,thisreferenceislater
takenatthepointwhere x = O.

If onlythefirstof Stewartson?s thee assumptionsisretainedand
theremainingtwoarerelaxedsothatthePrandtlnumberissxbitrary
butconstautandifthebodyisno longerthermallyinsulated,the
Stewartsontransformationsyieldthefollowingsetof equations:

a% aq aav +av a% Vldvl(1+ s,—-. — ——= -—
ay ~ ayayaz azaY* dz

(B6a)
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()(’

lN% Pr-1 -1——. — —=—
ayZ - bZay Pr 3Y2 Pr

)
~02+Z&A VIZ
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{$[%.}
(B6b)

Equations(B6)differinformfromthecorrespondingsetappropriateto
two-dimensionalincompressibleflow. In contrasttotheirincompressible
counterparts,equations(B6)mustbe solved,ingeneral,asa simultaneous
systembecausethemomentumequation,equation(B6a),isnotfreeofthe
temperaturevariable,S. However,equation(B6a)maybe approximatedby
itsincompressibleanalogueifthestipulationisintroducedthatthe
absolutevalueofthedifferencebetweenthestagnationtemperatureand
thesurfacetemperatureshallbe smallwhencomparedto thestagnation
temperature.Underthisrestrictionthetemperaturevariable,S, canbe
showntobe smallwhencomparedtounitythroughouttheboundarylayer
andthemomentumequationis,forpracticalpurposes,independentofthe
ener~equation,justas in incompressibleflow. It iseasilyseenthat
theforegoingassumptionleadsto therequirementofan isothermal
surface.

A minordifferencebetweentheenergyequation,equation(B6b),and
thecorrespondingincompressibleformmaybe foundinthesecondf%ctor
on theright-handsideofequation(B6b).Thisdifferencecanbeelimi-
natedby restrictingthePrandtlnumbertoa valueofunity,inwhichcase
theright-handsidesofboththecompressibleandtheincompressible
equationbecomeidenticallyzero.TheassumptionofunityforPrandtl
numberis,however,deemedunnecessarytoa solutionof theheat-transfer
problembecause,ashasbeendiscussedinreference6withregardtoa
similarformof theenergyequation}equation(B6b)islinearin S,and
itscompletesolutionmaybe foundinsucha waythatitsparticular
integralsatisfiesonlytheboundaryconditionsfortheinsulatedsurface
condition.Thus,thenonzeroheat-transfercaseforarbitraryPrandtl
numberscanbe assumedtobe givenby thecom@ementarysolutionto
equation(B6b),andthenecessityforsolvingtheextremelycomplicated
equations(B6)astheystandcanbe avoidedforheattransferatan iso-
thermalsurface.

Sinceequations(B6)areequivalentto theirincompressiblecounter-
partswhenrestrictedasindicatedabove,thetransformationofStewartsonj
equations(134)and(B~),canbe usedtoevaluatethesecondfactoronthe
right-handsideofequation(2)ofthetext,ifnomenclatureis changed
as follows:

● ✎

✎

—
.

(B7a)

z =2 (B7b)

(B7c)
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Fromequation
heat-transfer
foundtobe:

29

(1) ofthetext,anddefinitionsgiveninAppendixA, the
perameterforincompressible,constant-propertyflowis

Andtheheat-transferpsrameterfortwo-dimensionalcompressibleflowis:

Theratiobetweentwo-dimensionalcompressibleand
pressibleheat-transferparametersbecomes:

two-dimensionalincom-

“But,asa resultof equations(B4)and(B5)andtheassumedtemperature-
viscositylawthefollowingequalitieshold:
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Itfollowsthat

Forthesametemperaturesinboth
simplifiedto

flowsthisexpressioncanbe readily

—=(2:31’2Fii/JR
N?/ ~

And,withfurtherreduction,equation(4)ofthetextresults.Equa-
tion(4)canbe evaluatedintermsofthestreamwisecoordinate,x, inthe
axisymmetricplanewiththeaidofManglerfstransformation.However,
duetothecomplicatedexpressionwhichmayresultinthegeneralcase,
ithasbeenfoundconvenienttoapproximateequation(4)withanother
equationwhichismuchmoreemenableto calculation.Themannerinwhich
thisisaccomplishedwillbe discussedlater.

?

.“

=.

.

. —.
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Heat-Trm”sferParameterin
Incompressible

31

Two-Dimensional
Flow

Forconvenience,heat-transfersolutionstotheincompressiblewedge-
flowproblemareselectedtoprovidenumericalvaluesforthelastfactor
ontheright-handsideofequation(2)of thetext.Thedifferential
equationswhichgiverisetothesesolutionscanbe obtainedfromequa-
tions(B6)restrictedtothepreviouslydiscussedconditionsunderwhich
Stewsrtsontstransformationisvalid.Withtheaidof thefollowing
substitutions

VI =

$=

$2?? (B8a)

1/2

()
2ZVI

● f(~) (B8b)
Dl+l

‘Pmi:)v’ll”

sass= SB2A

equations(B6)canbe manipulatedintothefollowingforms:

f‘“ +fft’ =
[+ (f’)’- (’+ ‘)1

(B8c)

(B8d)

(B9a)

2Prhfis
( )[
1 - Pr (7- l)V.2

] [4
d’ (fi)’s~f+prfst—— .—

111+1 Ss T
ao2+ +V12 d? 2

whereprimesdenotedifferentiationwithrespectto q. Whenthetem-
peraturevariable,S, isassumedsmallcomparedto unitythroughoutthe
boundarylayer,andthesurfacetemperatureisaccordinglytakentobe
uniform(X= O),and,furthermore,whenoneseeksonlycomplementarysolu-
tionstotheenergyequation,equations(B9)maybe approximatedby:
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f ??‘“ +ff
‘=[’’t” -11

s“ +Prfst=0

Theapplicableboundaryconditionsare: —.

7 0: f= f’=o; S=l= (Blla)

q+ co: fl+1; s-o (Bllb)

Equations(B1O)andtheassociatedboundaryconditions(eqs.(Bll))
constitutea formulationoftheisothermal,incompressible,wedge-flow
problem.Heat-transfersolutionsareknownfora rangeofvaluesof
Prandtlnuriberand~ressure-madient~arameterandaretabulatedinref- “ ‘-
erences10
fromthese

Thesymbol

and11.‘Theinco~ressibl~
solutionscanbewritten:

R/rR = - :;

heat-transfer

2; isthedimensionlesstemperature
surfaceandi;tabulatedinreference10as f3+

NACATN 3344

(BIOa)

(BIOb)

.

4

parameterarising —

.

(B12) -

gradientacrossthe
andinreference11as

.

@91q=o*Accordingtothesecalculations,thetemperaturegradient
acrossthesurfacey=:~ isa functionofthepressure-gradientparsmeter~
~, andthePrandtlntier,Pr,butfora givenwedgeat a givenPrandtl
numberthepressure-gradientparsmeterandtheheat-transferparameter
areconstant.Althoughthesesolutionsarerigorouslyapplicableto
wedgesonly,ithasbeenshown(ref.12,for.exemple)that,ontwo-

—.-.

dimensionalbodiesotherthanwedges,theyadequatelypredictmeasured
distributionsof theheat-transferparsmeterwhichcorrespondtothe
measureddistributionsofthepressure-gradientparameter.Thus,the

—

incompressibleheat-transfer-psrameterdistributionforanybodycanbe
estimatedbymeansofequation(B12)andthetablesofreferences10and
11 ifthedistributionofpressure-gradientpsrameterisknown.Tomake
useo“fthisinthepresentcase,however,theincompressiblepressure- .
gradientparameter~ mustbe relatedtotheaxisymmetriccompressible
pressure-gradientparameterm. d
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RelationBetweenTwo-DimensionalIncompressibleandAxisymmetric,
CompressiblePresstie-GradientParameters

Thepressure-gradienttransformationfactorson theright-handside
of equation(6)ofthetextareevaluatedby usingthetransformations
ofStewsrtsonandMangler.In a mannersimilarto thatalreadyusedto
calculatetheheat-transfertransformationfactors,itisreadilyfound
that

ii—=
E Sy-1 (1‘y) (B13a)

(B13b)

It shouldbenotedthatthesepressure-gradientfacborsarefunctionally
relatedtotheheat-transfer-psrameterfactorsgivenby equations(3)
and(4)ofthetext. Thefactorrepresentedby equation(B13b)canbe
evaluatedfora bodyofrevolutionofgivenshape.Thefactorrepresented
by equation(B13a)canbe foundintermsofthegivensxisymmetric
stresmwisecoordinatex by virtueofMangler’stransformation,aswas
indicatedforthecaseofequation,4.Becausethisprocedureusually
resultsinan expressionof suchcomplexitythatnumericalmethodsare
requiredto effecttheintegrations,it is convenienttoapproximate
equations(B13a)and(4)by stiplerexpressionswhichcanbe integrated
onceandforall.

ApproximationofPressure-Gradient-ParsmeterandHeat-Transfer-
PsrameterTransformationFactorsBetweenTwo-Dimensional

CompressibleandIncompressibleFlows

Becauseheat-transfersolutionstotheincompressiblewedge-flow
problemareutilizedtoprovidenumericalvaluesforthelastfactoron
theright-handsideofequation(2)ofthetext,it is consistentto
treatthepressure-gradientparameters. ~ andiiias constantsduring
integrationofequations(4)and(B13a),eventhoughtheyaresubsequently
allowedtovary.

.
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Settingy equalto1.4andusingtherelations

()M02 1/2
l+—

751 5—=
-* M12

l-t—
5

()M024
&f= -~

M12
l+—

5

.

.

.

to evaluatetermsinequations(4)and(B13a)givesrisetothefollowing
twointegals:

—

(B14a)

f ‘==1’[’‘(%fl’~
(B14b)

o 0

Forconvenience,thelowerlimitoftheseintegralshasbeensetequal
to zero.Afterevaluationof theintegrals(eqs.(B14)),by assuming



I 4
. . . I

thatthepres.sure-grtientparametersarenotfunctionsofthecoordinates,approximatevaluesfor
thefactorsontheright-handsidesofequtions(B13a)and(4)arefound.

()+* !&
iiii/Bf% 25+1 5 + RH9+&i(9+aH9’ ,,,58,
—=

E/& (+4
and.

providedthat Z>-6; G>-$

Fromequations(Bl~)itcsnbeobservedthatthelocalheat-transferperameterIntwo-
dimenstonalcompresslbleflowwithfavorablepressuregradient(E,~>O)decreaseswithMachnumber
and,exceptattheforwardstagnationpoint,islessthsmthecorrespondinglocalheat-transfer
parameterinincompre~sibleflow.Thereisno changepredictedwithMachmmberon constant-
pressuresurfaces(E,m= O). Conversely,thepressure-gradientparameterR inthetwo-dimensional
inc~ressibleflow,corresponck!ngtoa favorablepressure-gradientparameterE Inthetwo-
Umm&onal compressibleflow,in&reaseswithMachnumber.
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It shouldbe notedthatequations(B15a)and(B15b)areequivalent,
andcanbe relatedthroughequations(4)and(B13a)as follows:

9

(B16)

ApplicationoftheMethod

Inutilizingtheforegoingmethodforc~culatinganylocalvalue
ofthelsminarheat-transferparameterona bodyofrevolutionwithiso-
thermalsurfaceina compressibleflow,a ptocedwemaybe followedas
outlinedbelow:

1. Fora givenpointona bodyofrevolutionaboutwhichthe
localisentropicflowisknown,thepressure-gradientparameterm

iscomputedfromequation(7);andthetransformationfactors
Nu/&e

m
and ~ “arecomputedfromequations(3)and/or(B13b).

2. Afterevaluatingthepressure-gradientparameter~ corre-
spondingtothetwo-dimensionalcompressibleflow=bycombiningequa-
tions(~)and(B13b),thetransformationfactor~ canbe calculated

forthedesiredpointfromequation(B15b).

3. A valueoftheincompressiblepressure-gradientparameter~
isobtainedby combiningequations(7),(B13b),and(B15b)as indicated
inequation(6),afterwhichitispossibletoevaluateequation(B12)
fora givenPrandtlnumberwiththeaidofthetablesofreferences10
and11.

4. Usingthepressure-gradientpsxsmeter~ equation(B15a)is
evaluatedat thedesiredpointfortheknownMachnumber,Ml. An alter-
nate,andquicker,methodistoutilizeequation(B16)in conjunction
withtheresultsof item(2)above.

5. A combinatiorioftheresultsofitems(1),(3)j and(4) above
accordingtoequation(2)yieldsthedesiredlocalvalueofthesxisym-
metriccompressibleheat-transferparameter.

Point-by-pointrepetitionofthisprocedureprovidesa distribution
of isothermalheat-transferparameteroverthesurfaceofthebodyof
revolution.Sucha distributionis showninfigure4(b)forthecaseof
a hemisphere-cylinderat a free-streamMachnumberof1.97.
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TABLEI.-TESTCONDITIONS
●

Test IWindMachnuber
tunnel Mm

1
Pressure

1.97
2-

distribution
1.97
;.::

●

II1Temperature 2
1.97
1997

distribution 3.04

1 1.97
Heat-transfer
distribution

o.fi tO2.23 544-572
2.91tO6.61 variable
2.79to 4.05 variable

2.84 variable

0.% tO2.3 527-571
3.12to 4.16 variable
2.83to 3;”31 vsriable

0.60 530
1.19 544
1.73‘- 557
2.28 570

.
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(a)Pressure-distributionmodel.

(b)Recovery-factormodel.

Figure1.-Hemisphere-cylinder.

.,
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(d)
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(c)Heat-transfermodel(electricallyheated).
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v

Photographofheat-transfer-mcdelinstallationintheAn
1-by 3-footsupersonicwindtunnelNo.1.

Figure1.-Concluded
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(a)Variationof snrface-to total-temperatureratio
alongsurface.

Figure3.-Resultsof temperaturemeasurementsonhemisphere-cylinder.
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